Purpose of review Around 10% of the global population is born preterm (G 37 weeks' gestation). Preterm birth is associated with an increased risk of cardiovascular events, with preterm-born individuals demonstrating a distinct cardiac phenotype. This review aims to summarize the main phenotypic features of the preterm heart and directions for future research to develop novel intervention strategies. Recent findings Being born between 28 and 31 weeks' gestation results in a 4-fold higher risk of heart failure in childhood and adolescence and 17-fold increased risk when born less than 28 weeks' gestation. In support of this being due to a reduction in myocardial functional reserve, preterm-born young adults have an impaired left ventricular cardiac systolic response to moderate and high intensity physiological stress, despite having a preserved resting left ventricular ejection fraction. Similar impairments under physiological stress were also recently reported regarding the right ventricle in young adults born preterm. Summary Preterm birth relates to a unique cardiac phenotype with an impaired response to stress conditions. These data, combined with the work in animal models, suggest that being born preterm may lead to a novel form of cardiomyopathy. Understanding the driving * The Author(s) 2019 mechanisms leading to this unique cardiac phenotype is important to reduce risk of future heart failure and cardiovascular events.
Introduction
Globally, the majority of infants born preterm now survive into adulthood due to prenatal and postnatal medical improvements in recent decades. Based on a recently published systematic review and modeling analysis, the estimated global preterm birth rate increased from 9.8% in the year 2000 to 10.6% in 2014, leading to 14.8 million preterm live births in 2014 [1] . The rates in the USA increased for the third year in a row to 9.9% people born preterm in 2017 [2] . Furthermore, absolute birth numbers continue to rise globally, as do the risk factors leading to preterm birth, meaning the subgroup of individuals born preterm is rapidly increasing, and thus of growing public health relevance.
Besides numerous acute complications, the association from epidemiological data of preterm birth with cardiovascular-related diseases such as stroke, hypertension, atrial fibrillation, and early heart failure is concerning [3,4••,5] . Indeed, high blood pressure is already apparent in childhood [6, 7] and extends into young adulthood [8, 9] , which raises concerns about long-term consequences, as high blood pressure is a major independent risk factor for the development of cardiovascular diseases [10] . A systematic review in 2012 summarized that the increase in systolic blood pressure of preterm-born children and young adults was 3.8 mmHg (95% CI, 2.6-5.0 mmHg) higher compared to term-born controls [11] , which is in line with findings from a Swedish birth registry cohort including 636,000 individuals where anti-hypertensive medication prescription rates were increased in those born preterm [5] . Moreover, preterm birth is associated with reduced insulin sensitivity [12] [13] [14] , increased whole-body adiposity, as well as higher intrahepatocellular and intramyocellular lipids [15] , which are typical characteristics of the metabolic syndrome. Of mechanistic interest was the finding that increased systolic blood pressure in preterm-born young adults is associated with an enhanced antiangiogenic state in adulthood that seems to be mediated through capillary rarefaction and is independent of other cardiovascular changes [16] . Increases in arterial stiffness have also repeatedly been reported at different stages of development, which may contribute to their increased risk of cardiovascular events in the long term [17] [18] [19] [20] .
Research to better understand cardiovascular risk has revealed that being born preterm relates to long-term alterations in cardiac structure and function, with a recent finding of an independent risk for early heart failure [4••] . In this review, we will discuss some of the unique cardiac alterations in the preterm-born population that may make them more susceptible to heart failure and long-term cardiovascular risk.
Adult cardiac phenotype in offspring born preterm
The first studies to demonstrate long-term alterations in the left and right ventricular phenotypes in preterm-born offspring were performed using cardiac magnetic resonance (CMR) imaging. In a cohort of n = 234 individuals (n = 102 born preterm) with follow-up data since recruitment at birth, use of CMR revealed that the mass of the left ventricle of young adults born preterm was on average 19 g (~20%) higher compared to term-born controls and remained significantly higher when indexed to body surface area [21••] . In addition, the more premature the birth, the greater the mass of the left ventricle in adult life. Though left ventricular mass was positively associated with blood pressure in both preterm-born and term-born participants, preterm-born individuals showed additional increases in left ventricular mass independent of higher blood pressure levels. Through creation of a computational atlas of the left ventricle based on CMR [22] , geometrical changes were found, comprising shorter ventricles, increased wall thickness, a shift in the apex orientation away from the right ventricle as well as a reduced internal cavity diameter. There were no differences in resting left ventricular ejection fraction or cardiac output, though functional parameters such as left ventricular stroke volume and myocardial deformation patterns [23] were significantly lower in the preterm-born group. In multivariable regression models, the degree of prematurity was the strongest independent predictor of gestational age for structural left ventricular changes, though maternal preeclampsia, which is an antecedent to~20% of preterm births and a known risk factor for both the mother and offspring [24] [25] [26] [27] [28] [29] [30] [31] , was also an independent predictor of the lower longitudinal peak systolic strain seen in the preterm-born young adults compared to term-born controls.
Similar findings to the left ventricle were later reported regarding the right ventricle [32••] , including increased mass, shorter ventricles and reduced internal cavity diameters. Higher right ventricular mass was also associated with the degree of prematurity, though the relative increase in mass per gestational week was twice as large as previously reported for the left ventricle. In contrast to the left ventricle, right ventricular resting ejection fraction was significantly reduced with 21% of participants having values below the lower limit observed in the term-born adults and 6% having mild systolic dysfunction. In multivariable regression models to describe the variation in right ventricular structure and function, the degree of prematurity was the strongest independent predictor of higher right ventricular mass and lower right ventricular end-diastolic volume and ejection fraction. Interestingly, increased number of days on mechanical ventilation in the early postnatal period was also an independent predictor of the increased right ventricular mass.
Insight from animal models and experimental studies
Studies in animal models have provided important insights into the cardiac phenotype related to preterm birth and potential mechanisms that may underlie these alterations. In a landmark study for the field, Bensley et al. [33• ] used an ovine model of preterm birth (14 days premature, equivalent to 36 weeks' gestation in humans) to assess cardiac maturation compared to term-born lambs. The authors demonstrated that the cardiomyocytes of both the left and right ventricles were hypertrophied in the preterm-born lambs compared to controls. Of note was that the preterm-born sheep also had an~7-fold increase in interstitial collagen deposition in the lambs born preterm, even without the normal inflammatory and stress-related conditions that are commonly associated with preterm birth in humans [34] . Nucleation and ploidy of the cardiomyocytes were also shown to be altered, which supports the argument that there are irreversible myocardial stress-related changes in DNA in the preterm-born lambs. In line with this, Bertagnolli et al. [35•] showed in a preterm experimental model using rats that prematurity-related stress in the form of hyperoxia could elicit left ventricular remodeling and impaired systolic function prior to blood pressure elevation. These changes included an increase in cardiomyocyte hypertrophy and collagen deposition. Moreover, these early cardiac alterations increased susceptibility to developing heart failure secondary to the insult of persistent hemodynamic overload induced by angiotensin II infusion [36•] . Of note, the authors showed that early treatment with the angiotensin II type 1 (AT1) receptor antagonist Losartan prevented the development of cardiac alterations in later life, including fibrosis and hypertrophy. In a similar rat model of preterm-related stress conditions, Goss et al. [37] showed that the hyperoxia-exposed rats had increased right ventricular mass and wall thickness, with a reduced right ventricular ejection fraction, similar to the findings in young adults born preterm [32••] . The authors also showed that their preterm rat model demonstrated evidence of mitochondrial DNA damage and mitochondrial dysregulation, which may be a contributing factor underlying right ventricular dysfunction seen in young adults born preterm [32••] .
Key window for emergence of cardiac changes in humans
Initial studies in infants born preterm provided early insight that alterations in cardiac structure and function might be present as early as the immediate postnatal period and continue to evolve throughout the first year of life [38] [39] [40] [41] . In a cardiac autopsy study, Bensley et al. [42] compared the cardiomyocyte proliferation of preterm infants with age-matched control fetuses. They demonstrated reduced cardiomyocyte proliferation in preterm infants compared to age-matched stillborn infant controls, possibly caused by the increased arterial pressure and heart rate that occurs during the transition into postnatal life. This reduction in cardiomyocyte proliferation may adversely impact the final number of cardiomyocytes and regenerative capacity of the myocardium, thus reducing the myocardial functional reserve of the preterm heart.
To better understand the cardiac developmental patterns of preterm-born infants from early prenatal through to postnatal life, Aye et al. [43••] performed echocardiography scans of 392 infants between 15 weeks' gestation and 3 months' postnatal age. By creating trajectories of cardiac development using measures of left and right ventricular mass at different time points during fetal and infant life, it was demonstrated that preterm cardiac changes first emerge in the early postnatal period, with similar in utero cardiac growth trajectories for fetuses that went on to be born preterm or term. Indeed, preterm infants had a disproportionate increase in both left and right ventricular mass that emerged over the first 3 months of life, with an average mass change double that of their term-born counterparts during this period. A reduction in left ventricular diastolic function also emerged with a persistent reduction in right ventricular systolic function. Echocardiography imaging data was used to create computational statistical shape models of the two-dimensional anatomy, which revealed that the cardiac growth changes were not simply a matter of size, but also of cardiac shape remodeling, which may have implications for cardiac flow dynamics and pump efficiency.
Cox et al. [44] recently provided further, detailed insight into the remodeling pattern of the preterm heart during the critical postnatal window using CMR in this population for the first time. Thirty-four preterm infants underwent CMR scans of the left and right ventricle within the first week following delivery (postnatal age 3-7 days) and 29 were scanned again at term-corrected age (postnatal age 33-136 days; 37-42 weeks' corrected gestational age). Ten termborn controls underwent the same CMR scan protocol at a single time point (postnatal age 2-7 days). The authors showed that preterm-born individuals had significantly elevated weight-indexed left ventricular mass and enddiastolic volume at term-corrected age. Those born at less than 29 weeks' gestation had a 64% increase in left ventricular mass at term-corrected age compared to the term-born controls. Furthermore, weight-indexed right ventricular mass and right ventricular end-diastolic volume trended towards being greater in the preterm group at term-corrected age, which reached statistical significance in the cohort born at 29-32 weeks' gestational age. Cox et al. also used the CMR scans to create computational atlases of the left and right ventricles from end-diastolic phases, demonstrating that preterm hearts have a more globular left ventricular shape with more spherical blood pool. Interestingly, the degree of prematurity, requirement for respiratory support greater than 48 h and the administration of antenatal glucocorticoids were all independently correlated with increased left ventricular wall thickness in the preterm-born infants. Given that left and right ventricular volumes are reduced i
n t h o s e b o r n p r e t e r m i n c h i l d h o o d a n d y o u n g a d u l t h o o d [21••,32••,45,46••,47••]
, the current study highlights the need for longitudinal cardiac imaging studies tracking the same individuals over time to better understand the evolution of these remodeling patterns throughout development.
To better understand the immediate clinical significance of these alterations in left ventricular geometry, Choudhry et al. [48] performed a retrospective casecontrol study in a cohort of n = 503 preterm infants born less than 2000 g with echocardiography scans. Key predictors of altered left ventricular geometry, including increased left ventricular mass index or increased left ventricular relative wall thickness, were postnatal steroid use and being born small for gestational age. The elevation in left ventricular relative wall thickness was associated with longer hospital stay and increased mortality, with 15/94 (16%) with elevated left ventricular relative wall thickness having died compared to 3/90 controls (3.3%).
Risk of early heart failure and reduced myocardial reserve
In early 2017, Carr et al. published data from a register-based epidemiological study and found a strong association between being born prior to 32 weeks' gestation and increased risk of incident heart failure in childhood through to young adulthood [4••] . Of note, being born preterm less than 28 weeks' gestation increased the risk of heart failure 17-fold and~4-fold when born between 28 and 31 weeks' gestation. Nevertheless, the adverse cardiac remodeling is unlikely to be the single cause for why two thirds of heart failure cases in children and young adults recover their cardiac function and that the majority of young people with heart failure in Carr's study were born at term [49] . This supports the idea that familial predisposition or other nonpreterm birth related factors remain the most likely origin of acute heart failure. The preterm cardiac phenotype, however, may reduce the myocardial functional reserve such that these individuals are less able to cope with acute and chronic stressors, reducing their ability to recover and pushing them further into a chronic cardiovascular disease state [49] .
To test the hypothesis that people born preterm have a reduced myocardial functional reserve, Huckstep et al. [46••] investigated the exercise response of the left ventricle of preterm-born young adults compared to term-born controls. In a cohort of n = 101 normotensive young adults individuals, of which n = 47 were born preterm, stress echocardiography was conducted at 40%, 60%, and 80% of peak exercise wattage based on maximal cardiopulmonary exercise testing. In agreement with previous studies, the resting left ventricular ejection fraction did not differ between the groups at rest. However, between 40 and 60% of maximal exercise intensity there was a 3.7% decline in left ventricular ejection fraction, leading to a 6.7% lower left ventricular ejection fraction at 60% intensity that further declined to − 7.3% of term-born control values at 80% intensity. Furthermore, the preterm-born young adults had a 56% reduced submaximal cardiac output reserve compared to term-born control young adults at 40% of peak exercise capacity. In addition to being independently associated with the degree of prematurity, left ventricular length and resting peak systolic longitudinal strain predicted left ventricular ejection fraction increase from rest to 60% exercise intensity in the group of young adults born preterm.
In support of these findings, a recently published study investigated the impact of prematurity on the pulmonary vasculature and right ventricle in adulthood using right heart catheterization [47••] . In this study, Goss et al. demonstrated an impaired ability of preterm-born young adults to increase right ventricle cardiac index and right ventricular stroke volume during exercise. Moreover, the pretermborn participants showed higher mean pulmonary arterial pressures with n = 3/11 people born preterm meeting criteria for borderline pulmonary hypertension and n = 2/11 meeting the criteria for overt pulmonary hypertension, while none of the term-born group met these criteria.
How can we intervene to prevent cardiovascular risk?
As indicated by the work of Aye et al. and others, as well as the work from experimental studies, the postnatal developmental window may provide an early opportunity for interventions. Several positive effects on general infant health due to human milk have been reported, such as brain and cognitive development as well as prevention of high blood pressure [50, 51] . With regard to preterm-born individuals, exclusive human milk feeding through the first weeks of postnatal development has shown to correlate with normalization of aspects of the preterm cardiac phenotype in young adulthood towards that of those born at term [52] . In a follow-up study of preterm-born individuals randomized to different milk feeding diets across five UK hospitals between 1982 and 1986, left and right ventricular end-diastolic volume index were found to be increased by 9.79 and 18.2% respectively in preterm-born young adults fed exclusively human milk compared to exclusively formula fed preterm infants. Moreover, left ventricular and right ventricular stroke volume index were also increased by 9.79 and 22.1% in the human milk versus formula group. Exclusively formula fed infants also had increased pulmonary artery diameters and increased pulmonary artery to aortic diameter ratios as adults, which may be a sign of increased risk of pulmonary hypertension. Interestingly, pulmonary artery differences were closely related to reductions in right ventricular end-diastolic volume index and stroke volume index. The findings provide further support that promotion of human milk during the early developmental window is warranted, though future work is needed to better understand how to optimize feeding, especially for those born at less than 32 weeks' gestation.
Another potential prevention approach for long-term cardiovascular risk reduction in preterm-born offspring is prescribed lifestyle interventions such as diet and exercise throughout later developmental stages, including childhood, adolescence, and young adulthood. One of the challenges with trying to determine the benefits of prescribed aerobic exercise training in younger populations as a preventative approach to cardiovascular disease risk is that most studies in the literature have been done in middle aged and older participants. In light of this, Williamson et al. [53] conducted a systematic review and metaanalysis in 2016 in an adult population in their early 40s to evaluate randomized control trial evidence of cardiovascular benefits of aerobic exercise training. Reductions of 4.40 mmHg systolic blood pressure and 4.17 mmHg diastolic blood pressure were found following intervention, though the effect disappeared within 12 months' follow-up, suggesting that promotion of long-term adherence is needed. Nevertheless, it is known that regular aerobic exercise training positively influences blood lipid profiles, as well as cardiac and vascular remodeling [54] . It has been shown that regular aerobic activity can reduce blood pressure by lowering systemic vascular resistance [55] , which may be partially mediated by vascular remodeling, the renin-angiotensin system, as well as the sympathetic nervous system. Given the known alterations in the renin-angiotensin system [56] and unique cardiac phenotype associated with preterm birth, it remains to be determined whether aerobic exercise training would have the same benefits in a population of preterm-born young adults and how this intervention might be used to reduce risk of hypertension and heart failure in these individuals. To explore this, the Trial of Exercise to Prevent HypeRtension in young Adults (TEPHRA) has been designed [57] . This randomized control trial aims to determine the effect of 16 weeks' guided aerobic exercise training on the cardiovascular system of n = 200 young adults between the ages of 18 and 35 years, including a subgroup of individuals born preterm. Peripheral vascular measures, blood sampling to look at circulating vascular cells and biomarkers, microvascular assessments, echocardiography imaging, physical activity monitoring, and multi-organ magnetic resonance imaging will be conducted to achieve detailed cardiovascular phenotyping. Overall, the results will support the development of future research and expand our understanding of evidence-based management of cardiovascular risk in both pretermborn and term-born young adult populations.
Conclusions
In conclusion, preterm birth is associated with a unique cardiac phenotype, independent of other pregnancy complications. The altered remodeling pattern of the heart, combined with the demonstrated reduction in myocardial functional reserve in young adulthood, may explain why preterm-born individuals are at increased risk of early heart failure and cardiovascular events in later life. Together, these data suggest that being born preterm is a likely independent risk factor for a novel form of cardiomyopathy. Over time, known risk factors of cardiovascular disease in those born preterm, such as elevated blood pressure and adverse alterations in metabolic profile, will likely act as additional negative stimuli on their already compromised cardiac structure and function. In addition, given the known alterations in other end organs in preterm-born individuals, including the brain, liver, and kidneys, further research is needed to better understand the interplay between these multiple organ systems in those born preterm. Given that 10% of individuals globally are born preterm, these findings are of immediate public health concern and should be taken into clinical consideration, including regular and long-term follow-up of this growing population subgroup.
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